Although muscle mass influences strength in older adults, it is unclear whether low lean mass measured by dual-energy X-ray absorptiometry (DXA) is an independent risk factor for hip fracture. Our objective was to determine the association between DXA lean mass and incident hip fracture risk among 1978 women aged 50 years and older participating in the Framingham Study Original and Offspring cohorts. Leg and total body lean mass (kg) were assessed from whole-body DXA scans collected in 1992-2001. Hip fracture follow-up extended from DXA assessment to the occurrence of fracture, death, drop-out, or end of follow-up in 2007. Cox proportional hazards regression was used to calculate hazard ratios (HR) and 95% confidence intervals (CI) estimating the relative risk of hip fracture associated with a 1-kg increase in baseline lean mass. Mean age was 66 years (range 50-93). Over a median of 8 years of follow-up, 99 hip fractures occurred. In models adjusted for age, height, study cohort, and percent total body fat, neither leg (HR 1.11; 95% CI 0.94, 1.31) nor total body (HR 1.06; 95% CI 0.99, 1.13) lean mass were associated with hip fracture. After further adjustment for femoral neck bone mineral density, leg lean mass results were similar (HR 1.10; 95% CI 0.93, 1.30). In contrast, 1 kg greater total body lean mass was associated with 9% higher hip fracture risk (HR 1.09; 95% CI 1.02, 1.18). Our findings suggest that in women, lower lean mass measured by DXA is not associated with increased risk of hip fracture.
Introduction
Low proximal femur bone mineral density (BMD) is perhaps the strongest predictor of hip fracture risk [1] . Nevertheless, it is estimated that nearly 60% of women and almost 80% of men with hip fractures have BMD above the osteoporotic range [2, 3] , emphasizing the importance of non-BMD factors and the multifactorial etiology of hip fracture. Several non-BMD clinical risk factors have been identified, including increasing age, low body mass index (BMI), and history falls [4, 5] , and as the number of coexisting factors aggregates within an individual, the risk for hip fracture increases significantly. Thus, it is of great interest to identify additional risk factors that will help improve the ability of clinicians to better predict which patients are most likely to fracture and should therefore be prioritized for treatment.
Age-related loss of skeletal muscle mass is associated with loss of both bone mass [6, 7] and muscle strength, an important determinant of falls and consequent hip fractures [8] . Muscle mass in the lower extremities may be of particular interest for hip fracture risk, yet it is seldom considered when assessing hip fracture risk in older patients. Dualenergy X-ray absorptiometry (DXA) provides an estimate of total and leg lean mass [9] , and it is the most commonly used method to estimate muscle mass in large studies [10] .
Despite its limitations, DXA-derived measurement of lean mass is currently the most pragmatic option to estimate muscle mass. The measure of lean mass can be performed at the same time as BMD assessment with results read directly from the densitometer's automated body composition report. Furthermore, muscle mass, which makes up the majority of the lean mass compartment, is potentially modifiable as resistance exercise has been shown to be effective at increasing muscle mass, even among frail older adults [11] [12] [13] . Although DXA measures of lean mass in patients following a hip fracture have been described [14] [15] [16] , the relation between DXA lean mass and incident hip fractures is not fully understood. Therefore, there is great clinical interest in confirming whether DXA-derived measures of lean mass are independent predictors of hip fractures.
To date, only a few prospective population-based studies have examined the relationship between lean mass and fracture, and the results have been inconsistent [17] [18] [19] [20] . Therefore, we investigated the association between DXA lean mass and incident hip fractures among adults aged 50 years and older participating in the Framingham Osteoporosis Study. We hypothesized that greater leg and total body lean mass would be associated with lower risk for hip fracture.
Materials and Methods

Study Participants
The participants for this study included members of the Original and Offspring cohorts of the Framingham Heart Study. The Original Cohort was initiated in 1948 with the purpose of determining risk factors for cardiovascular disease, and systematically recruited 5209 men and women from a two-thirds sample of houses in the town of Framingham, MA [21] . Started in 1971, the Offspring Cohort enrolled 5124 adult children, and their spouses, of Original Cohort members for the purpose of investigating familial clustering of cardiovascular disease [22] . Participants in both cohorts have completed regular comprehensive physical examinations by trained physicians, along with clinical risk factor assessments (every 2 years for Original Cohort members, approximately every 4 years for Offspring Cohort members).
Participants eligible for the current study included 847 members of the Original Cohort and 2918 members of the Offspring Cohort who had a valid whole-body DXA scan obtained as part of the Framingham Osteoporosis Study in 1992-1995 (Original) and 1996-2001 (Offspring). Offspring members aged < 50 years (n = 343) were excluded. Among men (n = 1444), only 27 hip fractures occurred over followup, and inspection of hip fracture survival curves for lean mass tertiles indicated non-proportional hazard functions over time, thereby limiting our ability to calculate robust relative risk estimates. Therefore, only 1978 women were included in this analysis and followed for hip fracture from the date of DXA assessment until December 31, 2007.
Measures
Lean Mass
Whole-body DXA was performed using a Lunar DPX-L densitometer (Lunar Radiation Corp., Madison, WI) using the "Fast" mode for all participants. Methods and reproducibility have been described previously [23] . For both the leg (sum of both legs) and total body regions, lean mass (kg) was calculated by subtracting fat tissue mass from soft tissue mass in grams divided by 1000. Total body lean mass was unavailable for 166 (8%) women because their "trunk" region-of-interest soft tissue values were invalid due to incomplete penetration of the photon beam through the trunk region of the body to reach the detector.
Hip Fracture
Hip fractures were defined as non-pathological fractures of the proximal femur that occurred only with minimal trauma (fall from standing height or less) during follow-up. Fractures were ascertained by a review of hospitalization and death records, and were reported by interview at each Framingham Study examination or by telephone interview for participants unable to attend an examination [24] . Hip fractures are among the most accurately self-reported fractures [25] , and > 90% of hip fractures in our study were confirmed by review of medical records, including radiographic and operative reports.
Covariates
We considered additional characteristics that are known to influence hip fracture risk and may be associated with lean mass as potential confounders: age, height, weight, history of hip fracture, current smoking, physical activity, bone mineral density (BMD), estrogen replacement therapy use in women, osteoporosis medication use (available in Offspring cohort only), and total body percent fat mass. Characteristics were collected at the same time lean mass was measured or at the examination closest to and preceding the measure of lean mass.
Height was measured to the nearest one-quarter inch using a stadiometer, and weight was measured to the nearest pound in light clothing without shoes. History of hip fracture (y/n) was the occurrence of any hip fracture prior to the lean mass measurement. Smoking status was ascertained by self-report and classified as current smoker versus non-smoker. Physical activity was measured using the validated physical activity scale for the elderly (PASE) score [26] . One of our hypothesized pathways for a lean mass-hip fracture relation was through an increased propensity for falls, and evidence suggests that the association of physical activity with falls and fractures is U-shaped [27] [28] [29] [30] . Therefore, in addition to considering PASE as a continuous variable, we created quartiles (Q1-Q4) of PASE and specified physical activity as a three-level categorical variable (low = Q1, reference = Q2-Q3, high = Q4) in our analyses. Femoral neck BMD (g/cm 2 , LUNAR DPX-L) was assessed at the right femur, unless there was a history of fracture and/or hip joint replacement, in which case, the left side was scanned (coefficient of variation 1.7%) [31] . Estrogen replacement therapy was evaluated as current use (yes/no) of oral conjugated estrogen, patch, or cream. Osteoporosis medications (i.e., bisphosphonates, selective estrogen receptor modulators (SERMs), or calcitonin) were ascertained in the Offspring cohort only (current use of any osteoporosis medication versus none). In those participants with valid trunk region soft tissue data, total body percent fat mass, ascertained from the whole-body DXA scans, was calculated as total body fat mass (kg) divided by the sum of total body lean mass, fat mass, and bone mineral content (kg), multiplied by 100.
Statistical Analysis
To evaluate the associations of leg and total body lean mass with the subsequent occurrence of hip fracture, women were categorized into tertiles of leg and total lean mass, and age-adjusted Kaplan-Meier survival curves [32] were calculated to examine hip fracture rates over the follow-up period. Person-years of follow-up accrued from the time of lean mass assessment until the occurrence of hip fracture, or until censoring at date of death, date of last contact if prior to end of follow-up (drop-out), or the end of study follow-up on December 31, 2007. Cox proportional hazards regression was used to calculate hazard ratios (HR), and 95% confidence intervals (CI), to estimate the relative risk for hip fracture for a 1-kg increase in baseline lean mass and for tertiles of baseline lean mass. To assess the influence of potential confounders on the association between baseline lean mass and hip fracture, models were constructed in a stepwise fashion as follows: Model 1 was unadjusted; Model 2 adjusted for age, height, cohort (Original versus Offspring), and total body percent fat; Model 3 additionally adjusted for femoral neck BMD; Model 4 further adjusted for history of hip fracture, smoking status, PASE score (modeled as a continuous variable and categorically in separate models), estrogen replacement therapy use, and osteoporosis medication use. We tested Cox regression models for violations of the proportional hazards assumption by including in the model terms for the interaction of each variable with time. No violations were detected. In a sensitivity analysis, we modeled lean mass as lean mass/height 2 (kg/m 2 ). We conducted other sensitivity analyses to determine whether our results were influenced by missing data on physical activity and BMD, or by competing risk of death. Missing data on PASE (n = 166) and BMD (n = 48) were imputed ten times using the Markov Chain Monte Carlo (MCMC) method for multiple imputation (SAS PROC MI). The final multivariable Cox regression model was calculated separately for each of the ten imputed datasets, and results were subsequently combined (PROC MIANALYZE) to obtain a single valid summary hazard ratio with confidence interval [33, 34] . Additionally, all Cox regression models were repeated accounting for the competing risk of death using the SAS macro %pshreg developed by Kohl et al. [35] , which fits the Fine and Gray proportional sub-distribution hazards model for survival data subject to competing risks [36] . All analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC).
Results
At baseline, mean age in the women was 66.9 years (range 50-93). Median hip fracture follow-up was 8.3 years, over which 99 fractures occurred. Women who experienced a hip fracture over follow-up were older and less physically active, weighed less, and had lower BMD (Table 1) . Over the follow-up period, there were more deaths than hip fractures, and the number of deaths decreased with increasing leg lean mass tertile (Table 2) .
Age-adjusted Kaplan-Meier survival curves did not indicate a clear association between leg lean mass and hip fracture, until year 7 when the cumulative incidence in the lower 2 tertiles increased relative to the highest tertile (Fig. 1) . For total lean mass, the risk in the lowest and highest tertiles increased compared to the middle tertile starting around year 4. For both leg and total lean mass, after approximately 10 years of follow-up, the survival curves demonstrated considerable overlap and no consistent association between lean mass and fracture.
Leg lean mass and total body lean mass were not associated with hip fracture risk in unadjusted models or in models adjusting for age, height, cohort, and percent fat (Table 3) . After further adjustment for femoral neck BMD, there remained no association for leg lean mass; however, for total lean mass there was a statistically significant positive association such that a 1-kg increase in baseline total lean mass was associated with 9% greater risk for hip fracture. Hazard ratios were similar following adjustment for history of hip fracture, smoking status, PASE score (continuous or categorical), and use of estrogen replacement or osteoporosis medications. Results of analyses with participants categorized into lean mass tertiles suggested similar associations with hip fracture, although there were no statistically significant associations (Table 4) .
In sensitivity analyses, results were similar after imputation of missing data on PASE and BMD, after accounting for competing risk of death and after modeling lean mass as lean mass/height 2 (data not shown).
Discussion
In our prospective study of community-dwelling women aged 50 years and older, leg lean mass measured by DXA was not associated with the risk for hip fracture after adjustment for several major risk factors for hip fracture, including age, body size, percent fat mass, physical activity, and femoral neck BMD. Unexpectedly, results suggested that greater total lean mass may be associated with increased hip fracture risk after adjustment for BMD. All associations were consistent after accounting for the competing risk of mortality. Few prior investigations have examined the prospective association between lean mass measured directly by DXA and the risk for incident hip fracture. In the EPIDOS study, a cohort study of 7,598 women aged 75 years and older living in five cities in France, Schott et al. found that total lean mass was not associated with hip fracture over 2 years of followup after adjustment for age, weight, and study center [17] . A recent study examined the association of DXA appendicular (arms + legs), trunk, and whole-body lean mass with hip fracture among women participating in the Women's Health Initiative Observational Study who were aged ≥ 65 years and classified as frail [20] . Results suggested that 1 unit higher appendicular lean mass normalized to height squared was associated with 37% lower risk of hip fracture over a mean of 11.5 years of follow-up. There was, however, a strong positive association between lean mass and total hip BMD, and the observed relation between lean mass and hip fracture was attenuated after adjustment for BMD.
Among women in the Health Aging and Body Composition Study (Health ABC), Malkov et al. reported that lower baseline lean mass (leg, appendicular, appendicular normalized to height squared) was associated with increased risk of hip fracture over 13 years of follow-up in age-adjusted analyses, though further adjustment for BMD and BMI completely attenuated the association [18] . In this same study, lower lean mass was not associated with hip fracture in men when adjusting for age, yet was associated with decreased risk in models accounting for BMD and BMI. While our study did not include men, these findings were similar to our total lean mass results among women. It is unclear why greater lean mass may be associated with increased hip fracture risk. It may be that individuals with greater lean mass are more physically active, or are more likely to engage in more "risky" activities, both of which could increase the opportunity to experience a fall resulting in a hip fracture. While we did adjust for physical activity, the self-reported 38 (6) 35 (5) 26 (4) 42 (7) 28 (5) 27 (4) No. of deaths prior to hip fracture (%)
166 (25) 147 (22) 131 (20) 178 (29) 133 (22) 106 (18) Median follow-up (years) 8. PASE score may not adequately quantify the amount and type of activity experienced over follow-up. Malkov et al. posited that their observed detrimental effect of higher lean mass might be because the protection against falling afforded by larger thigh muscles may be offset by their exerting greater mechanical loads on the hip during a fall. They also point out that a similar phenomenon has been observed for BMI, where the protective effect of high BMI for hip fracture is reversed once BMD is accounted for [37] . Additional research on how the characteristics of tissues surrounding the hip influence loads on the femur during a fall may help elucidate the roles of muscle and fat in the occurrence of hip fractures. Alternatively, the consistent lack of association, and occasional counterintuitive association, between DXA-based lean mass and hip fracture observed across the existing body of literature may be due to the limitations of DXA in quantifying skeletal muscle mass. DXA lean mass is not a direct measure of muscle mass [10] . While lean mass from DXA excludes the bone and fat compartments of body tissue, it does include other non-skeletal muscle soft tissue organs (e.g., liver). Although we did examine the legs region specifically, which is primarily muscle tissue, DXA lean mass also includes non-contractile connective and fibrotic tissue. Lean mass is also limited in its ability to characterize the functional ability of muscle, particularly in longitudinal studies. A recent review by Manini and Clark pointed out that measures of muscle mass, and lean mass via DXA in particular, are weak predictors of future functional outcomes [38] . This can likely be attributed to the age-related decrease in strength outpacing the concomitant decrease in lean mass [39] . The discordance between strength and mass is likely attributed to changes in factors that influence muscle function but are not captured by lean mass, including impairments in excitation-contraction coupling and the neuromuscular junction [40] . Additionally, increased infiltration of fat into skeletal muscle with aging appears to be an important contributor to age-related declines in muscle strength [41] . Among combined men and women in the Health ABC cohort, greater leg muscle attenuation measured by computed tomography (reflecting increased fatty infiltration) was associated with higher risk for hip fracture, independent of BMD [42] . In fact, when muscle cross-sectional area, a surrogate for muscle mass, and strength were included in the same regression model, attenuation was the only parameter that remained significantly associated with hip fracture risk. This suggests a potentially larger role for fat infiltration of muscle, compared to lean mass, in the etiology of hip fracture. Further studies are needed to determine the measures of muscle health that are most relevant for predicting fracture risk, and whether these may differ for men and women.
When interpreting the results of this study, it is important to recognize some important limitations. Only baseline data on lean mass and important covariates such as physical activity were used in this analysis, thus we were unable to assess age-related changes in body composition that likely have an important impact on hip fracture risk. Our goal in this study, however, was to investigate if a baseline measure of DXA lean mass may be useful clinically as an important predictor of hip fracture risk. Results from analyses of total lean mass, and from analyses of leg lean mass that adjusted for total body percent fat, may not be wholly representative of all women in our cohort since these analyses excluded those with invalid trunk soft tissue measures, who tended to have higher mean BMI (37 vs. 26 kg/m 2 ). Nevertheless, these analyses included women ranging in weight from 72 to 310 pounds, thereby including some of the heaviest women in our cohort. The PASE score has limitations as a measure of physical activity since it was developed specifically for adults aged 65 years or older [43] , and self-reported measures can either under-or overestimate actual physical activity levels [44] . Nevertheless, the mean age of our study population was 66 years, including adults up to age 93, and the PASE score has been validated against direct measures of physical activity such as doubly labeled water [26] and accelerometry [45] . Our study included only women since the low number of fractures did now allow us to obtain valid estimates of risk among men in the Framingham cohorts. There was loss due to death in our study of older adults, though when we accounted for the competing risk of death our results were not affected. Finally, we are limited in our ability to generalize our results to other racial groups since the Framingham Study is composed primarily of Caucasian men and women. Despite the aforementioned limitations, our study has several strengths. This is the longest prospective study (up to 15 years) to date of the relation between lean mass as measured by DXA and hip fracture in community-dwelling women. Our cohort included women across a wide age range (50 years and older) and did not exclude participants based on baseline frailty or mobility status. The Framingham Study cohorts are well characterized. The use of whole-body scans allowed us to examine not only total body lean mass, but also leg lean mass, which may be a more direct determinant of fracture risk given its importance for lower-extremity function [46, 47] . Our fracture information is of high quality, having been confirmed primarily by medical records and X-ray reports from hospitals, physicians' offices, nursing homes, and home health care services. Finally, information was available for several important covariates, allowing us to account for the major risk factors for hip fracture.
In conclusion, our findings suggest that greater absolute leg lean mass measured by DXA, the most commonly used method for assessment of muscle mass, is not protective against hip fracture risk in women over 50 years of age. Contrary to our hypothesis, our results indicate that greater total body lean mass may be associated with increased risk of hip fracture. Considering our results along with similar counterintuitive and multiple null findings from previous studies, the association of lean mass measured by DXA with hip fracture risk remains uncertain. Alternative, more direct assessment methods are needed if muscle mass is to be considered when attempting to identify individuals who may be at increased risk for hip fracture.
